The recognition of foreign antigens by T lymphocytes is essential to most adaptive immune responses. It is driven by specific T-cell antigen receptors (TCRs) binding to antigenic peptide-major histocompatibility complex (pMHC) molecules on other cells 1 . If productive, these interactions promote the formation of an immunological synapse 2, 3 . Here we show that synaptic TCR-pMHC binding dynamics differ significantly from TCR-pMHC binding in solution. We used single-molecule microscopy and fluorescence resonance energy transfer (FRET) between fluorescently tagged TCRs and their cognate pMHC ligands to measure the kinetics of TCR-pMHC binding in situ. When compared with solution measurements, the dissociation of this complex was increased significantly (4-12-fold). Disruption of actin polymers reversed this effect, indicating that cytoskeletal dynamics destabilize this interaction directly or indirectly. Nevertheless, TCR affinity for pMHC was significantly elevated as the result of a large (about 100-fold) increase in the association rate, a likely consequence of complementary molecular orientation and clustering. In helper T cells, the CD4 molecule has been proposed to bind cooperatively with the TCR to the same pMHC complex. However, CD4 blockade had no effect on the synaptic TCR affinity, nor did it destabilize TCR-pMHC complexes, indicating that the TCR binds pMHC independently of CD4.
Surface plasmon resonance (SPR) and microcalorimetry experiments with engineered soluble proteins generally show weak TCRpMHC binding, with affinities (K d values) in the range 1-100 mM, t 1/2 values on the order of seconds, and association rates usually ranging from 1,000 to 10,000 M 21 s 21 (refs 4-6) . Nevertheless, T cells are highly specific and sensitive for antigen, able to detect even a single antigenic pMHC complex among structurally similar yet non-stimulatory pMHCs 7, 8 . However, although this is useful for comparative purposes, these measurements do not account for the many constraints and special features of the synaptic environment and might not reflect what occurs in situ. In particular, the restricted intercellular volume should greatly accelerate the association rate and enhance serial engagement [9] [10] [11] . Favourable molecular alignment of TCR and MHC, as well as any molecular pre-clustering, could also drastically affect binding [12] [13] [14] . Although the volume effect can be approximated, the influence of the others is essentially unknown. We have therefore devised a method to measure synaptic TCR binding to pMHC directly, using single-molecule microscopy and FRET between a donor fluorophore on the TCR and an acceptor fluorophore on the peptide bound to a MHC molecule.
We used T-cell blasts from two different TCR transgenic T-cell lines, 2B4 and 5c.c7, which are specific for the same moth cytochrome c peptide (MCC 88-103) bound to the class II MHC molecule IE k . To permit the use of highly sensitive and rapid total internal reflection (TIRF) microscopy, we used a modified planar lipid bilayer system as a surrogate antigen-presenting cell surface, presenting IE k complexes, ICAM-1 adhesion molecules and B7-1 co-stimulatory polypeptides (see Methods) .
Structural analysis of an Fab fragment derived from the monoclonal anti-TCR-b antibody H57 complexed with the Cb region of a TCR indicated that portions of its binding site might be close enough to the carboxy terminus of a peptide bound to a MHC (about 41 Å ) 15, 16 to allow FRET in situ to measure TCR binding. We therefore constructed a single-chain variable fragment (scFv) of this antibody with mutations that could be labelled at three different sites (J1, J2 and J3). Their location and proximity to the C terminus of a peptide bound to the IE k molecule are shown (Fig. 1a) .
On addition of the Cy3-labelled J1 reagent to 5c.c7 transgenic T cells on bilayers containing IE k /MCC(C)-Cy5, we observed the rapid onset of a FRET signal, which was corrected for donor bleed-through and acceptor cross-excitation (see Methods). Consistent with the FRET results was the observation that this signal disappeared immediately after ablation of the FRET acceptor, together with an increase in donor intensity (Fig. 1b) . Reversing the labels produced comparable results ( Fig. 1b and Supplementary Fig. 1a ). The average synaptic FRET yield (as measured by donor recovery after acceptor bleaching; see Methods) was 10-12% for the agonists IE k /MCC(C)-Cy5 and IE k / K5(C)-Cy5 (Fig. 1c) . FRET was highly dependent on the ligand: no synaptic FRET was observed between the J1-Cy3-labelled TCR and the null ligands IE k /b 2 M(C)-Cy5 or IE k /MCC null(C)-Cy5, even in the presence of unlabelled agonists (IE k /MCC) to ensure T-cell activation (Fig. 1b, c) . The FRET strength correlated with both the density of labelled IE k /peptide(C)-Cy5 and the ligand potency ( Supplementary  Fig. 1b) . No FRET was detectable when T cells were labelled with a Cy3-conjugated anti-CD4 Fab (GK1.5), further validating signal specificity (Fig. 1c) .
To assess potential bystander FRET between TCR-pMHC complexbound J1-Cy3 and neighbouring pMHCs, we tested the J1, J2 and J3 probes in conjunction with the agonist ligand IE k /K5 labelled at either the C or N terminus of the peptide. These combinations gave rise to six inter-dye distances ranging from about 41 Å to about 100 Å . Average synaptic FRET depended strictly on the distance between the dye pair, as expected, given that yields of FRET decline inversely with the sixth power of the distance (Fig. 1d) . Hence, this assay is specific for individual TCR-ligand interactions, and bystander effects are negligible.
We also used single-molecule FRET (smFRET) microscopy to derive dissociation rates. After correcting for donor bleed-through and acceptor cross-excitation, we identified smFRET events as those that both co-localized with single acceptor molecules and also appeared and disappeared in a single step-a hallmark of singlemolecule behaviour (Fig. 2a and Supplementary Figs 2-7) . Furthermore, the appearance of these events was specific to label and ligand: other label combinations, including J3-Cy3 or IE k / MCC-null(C)-Cy5, did not produce such events (data not shown). Reversing the label proportion by employing IE k /MCC(C)-Cy5 in high abundance and J1-Cy3 in low abundance also led to smFRET events ( Supplementary Figs 8-10 ). By monitoring the duration of these FRET signals during synapse formation and correcting for photobleaching (see Methods), we determined the dissociation rates for both the 5c.c7 TCR and the 2B4 TCR with IE k /MCC at 37 uC and for 5c.c7 with the weak agonist T102S (Fig. 2b , Table 1 and Supplementary Fig. 1c ). These data followed single-exponential decay kinetics, which is consistent with a simple dissociation of the TCRpMHC complex. Unexpectedly, the t 1/2 values for these interactions were much shorter than those measured in vitro by SPR, especially for the 5c.c7 TCR (Fig. 2c) . Across a temperature range we found that synaptic t 1/2 values were consistently 3-12-fold shorter than those measured in vitro, especially at higher temperatures. Recently, a continual 'flow' of actin in synapse-forming T cells from the periphery to near the centre of the synapse has been shown 17 . To determine whether this could be the cause of the shorter t 1/2 values, we employed the actin-depolymerizing drugs cytochalasin D and latrunculin A. These treatments greatly prolonged synaptic TCR-pMHC interactions, indicating that actin dynamics destabilizes TCR-ligand interactions either directly or indirectly (Fig. 2d) . Under these conditions the t 1/2 is almost identical to that measured by SPR (4.23 s or 4.78 s in situ, versus 3.5 s in vitro) with the synaptic t 1/2 being slightly greater; this is expected because diffusion is more limited in that environment.
To estimate the affinity, we calculated the concentrations of the reactants and their products by first determining the local density (r) of total TCRs, pMHCs and TCR-pMHC complexes in a representative synapse. This was done on the basis of the average intensities of single-molecule fluorescence (Supplementary Fig. 21 ). To ensure a TCR labelling efficiency of at least 95%, we analysed synapses for 2.5 min or less at 24 uC (where the t 1/2 for scFv is about 50 min). With this image information (Fig. 3) we calculated the average local effective twodimensional K a (2D K a ) (K a 5 1/K d ) and, using the k off determined above, the k on (k on 5 K a k off ; Fig. 3a ; see Methods). Hotspots of TCR binding are apparent, indicating that both local cellular parameters and the intrinsic chemistry of the interactions influence binding behaviour.
We also measured the affinities within individual TCR microclusters. To conduct our studies at higher temperatures we quantified the TCR occupancy of TCRs in individual TCR microclusters through their individual FRET yield (as measured by acceptor bleaching), which is independent of the degree of TCR labelling. This and a knowledge of the pMHC density in the bilayer allowed us to calculate the effective 2D K d values (see Methods). The 2D K d values for individual TCR microclusters varied significantly (about 250-fold), most probably because of locally active cellular parameters (Fig. 3b) . We give the median in situ K d values for comparison in Table 1 .
To derive the effective synaptic three-dimensional K d (3D K d ) of the interactions taking place within a TCR microcluster for comparison with the corresponding value measured by SPR, we converted the area for which binding was observed into the volume of the intermembrane space. To calculate the concentration we divided the density by the distance of 13.4 nm between the opposed membranes. This width is also the approximate maximum distance at which a TCR and pMHC could interact if fully extended and perpendicular to the plane of their respective membranes 18 . It is also consistent with electron microscopic analyses of synapses 19 . , an almost 100-fold increase compared with the SPR value at 37 uC ( Fig. 3c and 5 µm Table 1 ). We also determined the dependence of the TCR affinity on the density of ligands presented on the bilayer at 37 uC. Although constant at low and moderate pMHC densities, the median synaptic affinity decreased at ligand densities approaching that of the TCR, suggesting that some TCRs are refractory to binding ( Fig. 3d and (Table 1 ) and probably reflects the impaired signalling activity of this ligand (see below).
Of special interest with regard to helper T-cell recognition is the role of the CD4 co-receptor, which binds to a non-polymorphic region within MHC class II with a barely measurable affinity (250 mM or more) 20 , yet has a main role in T-cell sensitivity 7 . A widely held view is that, to initiate signalling, simultaneous binding of TCR and CD4 to the same pMHC ligand directly recruits the TCR-proximal kinase p56 lck to the TCR through the association of p56 lck with CD4 (refs 21, 22 ). Other models suggest that CD4 is associated with the TCR but does not bind the same MHC class II as its associated TCR 7, 22 . To distinguish between these two models, we first compared the average synaptic TCR-pMHC FRET yield in the absence and presence of CD4 blockade, because the FRET yield is related to the average synaptic TCR-pMHC affinity ( Supplementary Fig. 12 ). CD4 blockade had little or no effect on the synaptic affinity between TCR and pMHC, both early and later in synapse formation. smFRET analysis revealed that CD4 blockade slightly stabilized interactions (Fig. 4a ). An explanation could be that CD4 blockade attenuates T-cell signalling (Fig. 4b, c ). This could dampen cellular motility, which destabilizes TCR-pMHC interactions. Thus we repeated CD4 blocking in the presence of pp2 (a p56 lck inhibitor) or cytochalasin D, which completely abrogated the CD4-mediated difference in the binding off-rate (Fig. 4d, e) . Thus, the increased TCRpMHC stability is due to signalling effects. Taken together, these results show that TCRs bind to ligands independently of CD4 and are not, as previously proposed, joined to CD4 molecules as a physical unit. TCR and CD4 could nevertheless still bind the same agonist pMHC simultaneously 21 , because independent and simultaneous binding events are not mutually exclusive, whether in solution or within the synapse. Because CD4 engagement boosts T-cell activation and sensitivity throughout synapse formation (Fig. 4b, c , and Supplementary  Fig. 13 ), the function of CD4 seems likely to be that of signal reinforcement through its intracellular association with p56 lck once a TCR has engaged a viable ligand 21 . Our data offer new insights into both how TCRs discriminate between different peptide-MHC ligands and also the unique challenges of finding and deriving the maximal signalling potential from even very rare agonists. In view of our data, the phosphorylation of TCRassociated CD3 signalling chains-that is, the first step in response . If the ligands were fully occupied and each interaction gave rise to a single signalling event, there would be a significant rate of TCR signal transduction, equivalent to triggering about 10% of the TCRs in the cell.
How could rare pMHCs be kept occupied by TCRs, which are relatively sparse and have such unstable interactions? The explanation may lie in 'protein islands', distinct 10-200-nm membrane microdomains highly enriched for particular membrane proteins 12, 13 . We find that clusters of TCRs are expressed on a subset of these islands, as also suggested by others 14 . Such TCR islands could efficiently 'scan' the surface of an adjacent cell and provide a high local density of TCRs surrounding a ligand to keep it continually engaged to generate the maximum possible signal. This is also consistent with cholesteroldepletion experiments in which TCR binding was no longer punctate: binding was decreased fivefold at higher and moderate pMHC densities and was no longer detectable at low densities (Supplementary Fig. 14) . Receptor and ligand aggregation might also be facilitated by weak lateral interactions, substrate topography, membrane rigidities and line tension 23, 24 . Differences in kinetic binding parameters could be substantially enhanced in a synaptic environment. Pre-oriented binding partners, molecular clustering and active T-cell scanning mechanisms would raise the frequency of otherwise rare molecular encounters. In contrast, interactions with a low DDG might be even less stable as a result of cellular forces acting against them. In particular, we found that the 5c.c7-TCR of 'average' affinity was more severely destabilized (about 12-fold) than a higher-affinity 2B4-TCR (fourfold). This suggests that this unexpected activity in the synapse could help select for better-quality ligands and against weaker ones.
We have used a new imaging strategy to measure the binding of the TCR to its peptide-MHC ligand. Within an immunological synapse this shows that this very specialized but ubiquitous environment enhances the ability of otherwise very weak and rare ligands to drive important biological effects. With antibody pairs, for example, this FRET strategy could be used to characterize other molecular interactions as well. It seems likely that at least some of the binding characteristics found here will be shared with other cell-surface receptors on other cells, because molecules of this type generally have affinities and dissociation rates in the same range as TCRs 10, 11, 18 .
METHODS SUMMARY
We take advantage of FRET to measure in situ the synaptic interactions between cell-bound TCRs and their cognate ligands, pMHC, embedded in a planar lipid bilayer. We engineered a site-specifically labelled TCR-reactive scFv to tag cellsurface-located TCRs. When the TCR is bound to its ligand, its associated scFv brings its label (FRET donor) close enough to the FRET acceptor dye attached to the MHC-embedded peptide to give rise to a FRET signal. We recorded smFRET to measure the t 1/2 values of synaptic TCR-pMHC interactions. We combined smFRET and bulk FRET measurements to determine synaptic K d values and k on values. We applied antibody-mediated blockade of CD4 to assess its contribution to TCR-pMHC binding.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature. 
METHODS
Protein expression and preparation. ICAM-1-His 12 and B7-1-His 12 were expressed with a baculovirus system and IE k ab (2 3 His 6 ) in Drosophila S2 cells (a gift from L. Teyton). Proteins were purified from culture supernatant by using Ni 21 -nitrilotriacetate resin affinity chromatography (Qiagen) followed by ionexchange and size-exclusion chromatography (MonoQ 5/50 GL or 'MonoQ', Superdex-200 10/300 GL or 'S-200'). IE k was preloaded with murine CLIP peptide in loading buffer (PBS plus 200 mM citrate buffer pH 5.1) and reloaded after size-exclusion S-200 chromatography (S-200) with fluorescent peptides for 1-5 days, purified with MonoQ and S-200. Peptide loading was dependent foremost on the duration of the CLIP peptide incubation and ranged from 40-85% as determined by spectrophotometry at 280, 552 and 647 nm. Because synaptic FRET yield depended on the surface density of fluorescent pMHC complexes but not on their loading degree, we conclude that the unlabelled fraction of bilayer-resident proteins present did not contain a significant amount of peptide-loaded complexes that had lost their fluorescent label (Supplementary Fig.  15 ). MCC (88-103, ANERADLIAYLKQATK), MCC(C) (ANERADLIAYLKQA TKGGdSdC), T102S(C) (ANERADLIAYLKQASKGGdSdC), T102G(C) (AN ERADLIAYLKQAGKGGdSdC), K99R(C) (ANERADLIAYLRQATKGGdSdC), MCC null(C) (ANERAELIAYLTQAAKGGGdSdC), b 2 m(C) (dHdPdPdHdIdE IQMLKNGKKIPGGdSdC), ER60(C) (GdFdPdTIYFSPANKKLGGdSdC), K5(N) (dCdAdNdEdRdAdDdLIAYFKAATKdF) and K5(C) (dAdNdEdRdAdDdLIA YFKAATKdFGGdSdC) (T-cell epitopes underlined; d indicates D-amino acids) were synthesized by the PAN facility at Stanford, purified by C 18 reversephase high-performance liquid chromatography (HPLC), conjugated with Cy3 or Cy5 maleimide, purified by HPLC and confirmed in identity by liquid chromatography-electrospray ionization mass spectroscopy. For scFv generation, mRNA was prepared from H57-597 hybridoma (American Type Culture Collection) to serve as a template for 59 rapid amplification of cDNA ends (Invitrogen). V H and V L antibody domains were fused as illustrated in Supplementary Fig. 16 and mutagenized for J1, J2 and J3 generation (Quikchange; Stratagene). scFv refolded from inclusion bodies 25 were purified with S-200, labelled for 2 h with Cy3/Cy5 maleimide in the presence of 50 mM tris(2-carboxyethyl) phosphine hydrochloride (TCEP; Pierce) and monomeric scFvdye conjugates were size-purified (S75). The label:protein stoichiometry ranged between 0.95 and 1.1 as determined by spectrophotometry at 280, 552 and 650 nm. Epitope specificity was confirmed by flow cytometry of labelled lymphocytes that had been freshly isolated from 5c.c7 TCR transgenic mice and through binding competition with unlabelled whole H57 antibody. Non-specific binding was less than 5% ( Supplementary Fig. 17a ). scFv stayed associated with cell-bound TCR, as shown ( Supplementary Fig. 17b ). Incubation of T cells with H57 scFv neither altered their dose-response proliferation to antigen (Fig. 4c) nor changed their calcium signalling in response to antigenic bilayers ( Supplementary Fig. 18 ). Preparation of planar glass-supported lipid bilayers. 1-Palmitoyl-2-oleoyl-snglycero-3-phosphocholine (POPC) (45 mg) and 6.9 mg of 1,2-dioleoyl-snglycero-3-[N(5-amino-1-carboxypentyl)iminodiacetic acid] succinyl[nickel salt] (Ni-DOGS NTA; Avanti Polar Lipids) were mixed in chloroform, dried under vacuum, resuspended in 10 ml of PBS and bath sonicated under argon at 120-170 W in a Sonicator 3000 system (Misonix). Vesicles were centrifuged (1 h, 37,000 r.p.m., 25 uC; 8 h, 4 uC, 43,000 r.p.m., in a TLA 100-2 rotor (Beckman)) to pellet non-unilamellar vesicles. No. 1 glass slides (24 mm 3 50 mm German borosilicate; Menzel-Gläser) were treated with a 1:1 mixture of concentrated sulphuric acid and 30% hydrogen peroxide (both from Sigma-Aldrich) for 30 min, rinsed with doubly distilled or deionized water (Purelab Ultra; ELGA), dried in air and attached with epoxy glue to the bottom of 8-well or 16-well LabTek chambers (Nunc), from which the glass bottom had been removed, for 20 min. Slides were exposed to a tenfold diluted lipid suspension for 5 min and rinsed with PBS; His-tagged proteins were added for 1 h then rinsed with PBS. Typically, bilayers were used within 6 h, during which the recovery yield after photobleaching remained up to 90% and no loss in bilayer-associated protein could be detected. Protein density was determined by dividing bulk fluorescence by single-molecule fluorescence. Imaging was performed in HBSS containing 1% ovalbumin (Sigma-Aldrich). Before the addition of cells, IE k /MCC(C)-Cy5 was observed as rapidly diffusing monomers: the single-molecule mobility was characterized by a diffusion constant D free 5 0.680 6 0.013 mm 2 s 21 (30 molecules mm 22 , 37 uC) (Supplementary Fig. 19a ). No oligomerized pMHC was detected up to a surface density of 500 molecules mm 22 with the TOCCSL ('thinning out clusters while conserving the stoichiometry of labelling') method 26 ( Supplementary Fig. 19b ). Microscopy. Samples were illuminated in TIRF microscopy mode with an inverted microscope (200M; Axiovert) by means of a chromatically corrected objective (1003, numerical aperture 1.46, a-Plan Apochromat; Zeiss) and by using the 514-nm line (for Cy3 excitation) or the 647-nm line (for Cy5 excitation) of an argon ion gas (Stabilite 2017-AR) or krypton ion gas continuous-wave laser (Stabilite-KR; Spectra Physics) focused on the back focal plane of the objective. Acousto-optical modulators (AOM 1205C-2; Isomet) ensured rapid shuttering. Single fluorophores were excited with 1-5-ms light pulses at a power density of 1-5 kW cm 22 (within the linear range of excitation for Cy3 and Cy5; data not shown). We compared the calcium response of T cells to antigenic bilayers in the absence and presence of TIRF single-molecule exposure and found no difference ( Supplementary Fig. 20 ). Using custom filter combinations (Z520/647 RPC and Z528/647M; Chroma; and 700-nm short pass; Newport) the fluorescence emission was separated from excitation light and split into two spectral channels by a dichroic wedge (1u separation; Chroma). Images were acquired with a slow-scan charge-coupled device camera (Micro Max 1300-PB; Princeton Instruments). Alternatively, emission was analysed with a Dual-View beam splitter (630dcxr, HQ575/40m, HQ680/50m; Optical Insights) and images were captured with a back-illuminated EMCCD Cascade II:512 camera (Roper Scientific) at a readout speed of 5 MHz and at full Electron Multiplying (EM) gain. The standard deviation of the mean fluorescence signal of test beads captured by this camera was less than 2% (Supplementary Fig. 21 ). At the highest frame rate (100 frames s (Table 1) were performed in Linz. All other imaging experiments were conducted at Stanford. The experiment shown in Fig. 4a was performed independently with both setups, with almost identical results. Analysis of bulk FRET through FRET donor recovery after FRET acceptor bleaching. We measured the FRET yield of entire synapses or synaptic TCR microcluster of T cells labelled with H57 scFv-Cy3 (or H57 scFv-Cy5) in contact with bilayers that had been decorated with ICAM-1, B7-1 and IE k /peptide-Cy5 (or IE k /peptide-Cy3) by using the following recording sequence: a low-intensity Cy5 acquisition (to monitor the Cy5 signal) was followed by a low-intensity Cy3/ FRET acquisition (to monitor the Cy3 and FRET signal before acceptor bleaching), followed by a high-intensity 647-nm bleach pulse (to ablate Cy5), a second Cy3/FRET acquisition (to monitor the Cy3 signal after acceptor bleaching and verify FRET ablation) and finally a low-intensity Cy5 acquisition (to verify Cy5 ablation). All light exposures were conducted in TIRF mode. The time between the beginning of the first Cy3/FRET acquisition before Cy5 ablation and the end of the second Cy3/FRET image after Cy5 ablation was less than 1 s. After subtraction of camera background, the Cy3 intensity before Cy5 ablation (I before bleach ) was subtracted from the Cy3 intensity after Cy5 ablation (I after bleach ). The difference (I after bleach 2 I before bleach ) was then divided by I after bleach to obtain the FRET yield. Analysis of smFRET. The raw FRET image (red emission channel at 514 nm excitation) was corrected for donor bleed-through (DB) and acceptor crossexcitation (ACE). DB, measured in the presence of donor fluorescence and in the absence of acceptor fluorescence, was 5.5% in Linz and 7.6% at Stanford. ACE was determined in the absence of donor fluorophores and in the presence of acceptor fluorophores for each experimental setting on a pixel-by-pixel basis. For the measurements of dissociation rate, smFRET events had to appear and disappear in single steps and co-localize with single-molecule acceptor events (Supplementary Figs 2-7 ). J1-Cy3 was employed at a J1-Cy3:TCR stoichiometry of less than 1:6 to attenuate donor bleed-through noise sufficiently. Before image acquisition, Cy5 was sufficiently photobleached to serve as a low-abundance species in the smFRET experiments. Unless otherwise indicated, IE k /MCC(C)-Cy5 was applied at a density of 30 molecules mm 22 , under which conditions about 40% of synaptic IE k /MCC(C)-Cy5 molecules are TCR-bound (M.A., unpublished observation). Typically, a set of two (514 and 647 nm excitation, 1 ms exposure, spaced by 1-5 ms) by ten images (split into a green and red emission channel, spaced by 5-2,000 ms) was recorded every 20-40 s. We also conducted single-molecule experiments with reversed label quantities (Cy3 in low abundance, Cy5 in high abundance; Supplementary Figs 8-10 ). These experiments gave rise to almost identical results for the measurements of 5c.c7 TCR-IE k /MCC at 28 uC (a k off of 0.55 s 21 versus a k off of 0.575 s
21
). Because the diffusion rate of the bilayer-embedded IE k was found to be significantly higher than that of the cell-bound TCR, and because the bilayer is an almost infinite reservoir of proteins, we purposely chose the much faster bleaching Cy5 as the bilayer-resident fluorophore (that is, as IE k /MCC(C)-Cy5). This allowed us to undertake repetitive single-molecule acquisitions with intermittent (short) bilayer recovery periods on the same synapses. In situ TCR-pMHC off-rate determination through smFRET analysis. An example of the analysis is illustrated in Supplementary Fig. 22 . Histograms of trace lengths of smFRET events were recorded for several acquisition time frames (Supplementary Fig. 22a ) and converted into decay plots ( Supplementary Fig. 22b, c) . Because FRET is susceptible to photobleaching, the observed decay O depends not only on the time passed (t) but also on the number of time frames (N) (as well as experimental setting-specific exposure time and power density) employed. Assuming stochastic photobleaching, O(t,N) equals D(t) 3 B(N), with D(t) representing time-dependent TCR-pMHC dissociation and B(N) representing FRET photobleaching as a function of the number of time frames (as well as setting-specific exposure time and power density) employed. We first separated B(N) from O(t,N) by using very short time intervals where D(t) < 1 with lim tR0 O(N,t) 5 B(N) (for example, 15 ms at 24 uC or 5 ms at 37 uC). Subsequently, with the recorded O(t,N) and known B(N) and with D(t) 5 O(t,N)/B(N), we derived D(t) for longer time intervals relevant for time-dependent decay (Supplementary Fig. 22d ; 50 ms and 100 ms for the 5c.c7 TCR-IE k /MCC interaction at 37 uC, or 500 and 1,000 ms for measurements made at 24 uC). Determination of effective 2D K d values with quantitative labelling of the TCR. Density plots were determined by dividing the intensity of the Cy3 bulk fluorescent image (after acceptor bleaching), of the bulk Cy5 channel (before acceptor bleaching) and of the corrected FRET channel (before acceptor bleaching) through the average single-molecule intensity of the corresponding channel ( Supplementary Fig. 11 ) and by adjusting molecule numbers for the effective pixel size (1 mm 2 5 42.51 pixels). With these densities a 2D K a plot was derived on a pixel-by-pixel basis. Multiplication of the 2D K a plot with the synaptic k off for 24 uC (0.41 s 21 ) gave rise to a 2D k on plot. Determination of effective 2D K d values without quantitative labelling of the TCR. We employed TCR occupancy, which is proportional to the FRET yield, to determine effective 2D K d values in situ through FRET measurements under conditions where TCR labelling is no longer saturating (for example, at higher temperatures). Determination of TCR occupancy a from bulk FRET yield. The bulk FRET yield as measured through donor recovery after acceptor bleaching (with J1-Cy3 being the FRET donor and IE k /MCC(C)-Cy5 being the FRET acceptor) is independent of the degree of TCR labelling, because it is a ratiometric parameter and is thus self-referential. It is also proportional to TCR occupancy a, the proportion of TCRs that are engaged with their ligands because dissociated scFv probes either diffuse out of the synapse or rebind unlabelled TCR at rates much higher than the rate of label dissociation. It can thus be described as FRET yield / a 5 r(TCRNpMHC)/r(TCR total ).
We quantified the linear relationship between bulk FRET yield and TCR occupancy experimentally and arrived at a proportionality factor c 5 a/(bulk FRET yield) of 1.955 ( Supplementary Fig. 23b ). For that, we imaged nascent synapses of T cells that had been quantitatively labelled with J1-Cy3 on ice and subsequently exposed to 20 uC for durations no longer than 150 s. At this point more than 95% of scFvs were still associated with the TCR. The recording sequence consisted of a low-intensity Cy5 acquisition (to monitor the Cy5 signal) followed by a low-intensity Cy3/FRET acquisition (to monitor the Cy3 and FRET signal before acceptor bleaching), a high-intensity 647-nm bleach pulse (to ablate Cy5), a second Cy3/FRET acquisition (to monitor the Cy3 signal after acceptor bleaching) and finally a low-intensity Cy5 acquisition (to verify Cy5 ablation). All exposures were conducted in TIRF mode. We then measured the FRET yield (determined through TCR-J1-Cy3 donor recovery after IE k / MCC(C)-Cy5 acceptor bleaching, as described above) within individual TCR microclusters. We also directly determined the TCR occupancy a for the same microclusters. Quantitative and stoichiometric TCR labelling (see above) allowed us to deduce this parameter from the following relation: a 5 (number of TCR-pMHC)/(number of all TCRs present) 5 [(corrected bulk FRET signal* before Cy5 ablation) 3 C/(average smFRET signal)] 3 [(average singlemolecule Cy3 signal)/(bulk Cy3 signal* after Cy5 ablation) 3 C], with C being a constant and both bulk signals (*) acquired with the same excitation light exposure (emission separated using a beam splitter), 5 [(corrected bulk FRET signal before Cy5 ablation)/(bulk Cy3 signal after Cy5 ablation)] 3 [(average single-molecule Cy3 signal)/(average smFRET signal)]. The underlined ratio is a constant and depends only on two invariant parameters: first, the molecular FRET efficiency defined by the FRET system itself, and second, the acquisition hardware parameters defined by optical filters in the emission light train and the wavelength-dependent quantum efficiency of the camera. As can be deduced from the average single-molecule signals shown in Supplementary Fig. 11 , it amounts to 2,978/2,054 5 1.45.
Hence the relation above simplifies to a 5 1.45 3 (corrected bulk FRET signal before Cy5 ablation)/(bulk Cy3 signal after Cy5 ablation). As shown in Supplementary Fig. 23b , the FRET efficiencies measured for individual TCR microclusters were then plotted against the TCR occupancies measured for the very same TCR microclusters to give rise to a linear fit (R 2 5 0.91) describing a (%) 5 FRET (%) 3 1.955. Determination of the effective 2D K d from TCR occupancy a. For the firstorder reaction TCR 1 pMHC = TCRNpMHC (1) we can formulate 2D K d 5 r(pMHC free ) r(TCR free )/r(TCRNpMHC)
From equation (1) we can formulate r(pMHC free ) 5 r(pMHC total ) 2 r(TCRNpMHC)
and r(TCR free ) 5 r(TCR total ) 2 r(TCRNpMHC)
Mobile bilayers provide an almost inexhaustible reservoir of T-cell ligands. Within the synapse, pMHC complexes therefore accumulate above r(pMHC initial ), the pMHC density before the addition of T cells, to an extent that is proportional to the degree of TCR binding and the formation of TCRpMHC complexes. As a control, we estimated the potential synaptic enrichment of pMHC complexes through CD4 binding in the absence of TCR binding by monitoring the density of synaptic null ligands in the presence or absence of unlabelled agonist ligands, and found none (data not shown). Hence we can approximate r(pMHC total ) 5 r(pMHC initial ) 1 r(TCRNpMHC)
Equation (2) ) values into concentration-based (molarity) values, we assumed the distance between the synaptic membranes in between which TCR-pMHC was binding to be 0.0134 mm. The 3D constants were derived from 2D constants as follows: Surface plasmon resonance (SPR) measurements. All SPR data were collected on a BiaCORE 3000 system (GE Healthcare) as described 10 . Soluble 5c.c7 TCR was expressed as a hybrid receptor consisting of the clonotypic 5c.c7 TCR Va and Vb domains fused to human LC13 TCR constant domain as described 27 . Escherichia coli inclusion bodies were refolded by fast dilution as described 28 , doi:10.1038/nature08746
